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Regular exercise appears to be one of the best predictors of successful weight maintenance.
Although physical activity and exercise are important components in the prevention and treat-
ment of obesity, many obese adults without coexisting disorders are unable to exercise due to
dyspnea on exertion. As a result they may not participate in regular physical activity. There-
fore exertional dyspnea in obese adults is also an obstacle to the prevention and treatment
of obesity and coexisting comorbidities. The available data suggest that increased respiratory
muscle force generation, and the concomitant increase in respiratory neural drive associated
with increased ventilation are an important source of sensation of respiratory effort in obese
subjects. Whether activity-related breathlessness is due to either abnormal respiratory
mechanical factors (flow limitation and/or chest elastic loading) or the increased metabolic
demand of locomotion in obesity, or both of these together, the available data indicate that
intensity of dyspnea at any given ventilation and oxygen uptake does not increase in obese
subjects as compared with normal weight control subjects. Does this mean that respiratory
mechanical factors are unlikely to be contributory? Nonetheless, the component of metabolic
cost of breathing may not be accounted for in the measured mechanical work of breathing
because of the number of included complex variables. That a decrease in efficiency of the
respiratory muscles during exercise contributes to dyspnea in hyperinflating obese subjects
should not be disregarded.
ª 2009 Elsevier Ltd. All rights reserved.of Internal Medicine, Section of Immunology and Respiratory Medicine, Clinica Medica III, Careggi,
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Although its etiology is not completely understood, it is
agreed that obesity results from the chronic imbalance
between energy intake and energy expenditure.1 It is
therefore clear that over consumption of calories and
inadequate physical activity are the primary factors
underlying the rise in the incidence of obesity. A substantial
decrease in physical activity dictates a decrease in daily
energy expenditure. Regular exercise appears to be one of
the best predictors of successful weight maintenance.2
Nevertheless, since muscles must work to move an obese
body, obesity imposes high metabolic demands which are
reflected in the fact that the obese subject’s oxygen
consumption (VO2) and carbon dioxide production (VCO2)
are higher than normal at rest and during exercise.3
Achieving an augmented ventilation (VE) to oxygen
uptake (VO2) ratio imposes an additional physiological
burden because the work of breathing is increased in
obesity; this potentially results in respiratory muscle inef-
ficiency.4 Likewise, heightened demands for diaphragm
work in obese people, and demonstration that static
inspiratory muscle pressure was only 60e70% of normal has
been reported as an index of inspiratory muscle ineffi-
ciency, if not dysfunction.5 The respiratory muscles that
might be compromised by obesity are those involved in
inspiration, but of these only the diaphragm has been
extensively studied. Moreover, reports on the effects of
obesity on respiratory muscle function are conflicting. Both
muscle biopsy specimens6 and measurement of CT density
show fatty infiltration of non respiratory skeletal muscles,7
but the extent to which this affects muscle strength is
unclear. Newham7 reported an increased density of quad-
riceps accompanying weight loss after bariatric surgery, but
there was no corresponding increase in the strength of the
muscle as assessed by maximal voluntary contraction. In
contrast, a recent report on respiratory muscle function
shows an increase in maximum inspiratory pressure and in
respiratory muscle endurance six months after bariatric
surgery, with the improvement being closely related to loss
in body mass index (BMI).8 Although it seems likely that
respiratory muscle function in obesity may be compromised
by the increased load the muscles are required toovercome, and by some reduction in their capacity,9e12 this
view must be tempered by evidence to the contrary.13e18
This review will discuss to what extent respiratory
muscle energy has to be spent to overcome mechanical
characteristics of the lung and chest wall in eucapnic obese
subjects. In particular we will review: (i) the mechanical
burden on the respiratory muscles; (ii) their potential
structural and biological abnormalities, (iii) their efficiency
based on energy cost of breathing and (iv) their impact on
dyspnea during regular exercise.
Lung and chest wall mechanics at rest
It is generally believed that the burden of moving a large
chest wall increases the work of breathing in obese
subjects, with the respiratory muscles encountering
a greater mechanical load. The increase in the work of
breathing could result from work done to overcome chest
wall compliance (Cw), or work performed on the airways
and lungs. Studies in obese normal subjects have suggested
that Cw is decreased by adipose tissues encasing the chest
and the abdomen.19e22 A decrease in Cw would overload
the respiratory muscles by increasing the respiratory effort
to displace the chest wall in obese subjects. The low lung
compliance that occurs in obesity is often thought to be
the consequence of a stiff chest wall. However, what is the
body of evidence of a lower Cw in obesity? First of all, the
accurate measurement of Cw requires complete relaxation
of the respiratory muscles. Naimark and Chernicak19 found
that Cw was lower than normal in seated awake obese
subjects. To demonstrate that the chest wall was relaxed
they measured electromyographic activity of the pectoral,
intercostal, scalene and rectus abdominis muscles and
found no evidence of activity during the measurements.
There are, however, two biases in the study: the first was
the known difficulty of detecting respiratory muscle
activity during normal breathing using surface electrodes in
obese subjects with a thick chest wall. Second, unlikely as
usual, they found normal lung compliance.
Sharp et al.20 also found a low Cw in awake obese
subjects in whom, however, Cw was measured by sub-
tracting the reciprocal of lung compliance measured in
a seated subject from the reciprocal of total respiratory
1278 G. Scano et al.system compliance measured in a supine subject.
Conversely, Suratt et al.23 showed normal values of Cw
under conditions of silent diaphragmatic electromyographic
activity in class IIeIII obesity. These data are in line with
results of studies obtained in paralyzed and anesthetized
obese subjects.24,25 Furthermore, Pelosi et al.26 have
recently shown that the decrease in Cw contributes to total
respiratory system compliance much less than the decrease
in lung compliance during general anesthesia in obese
subjects. Thus, the most recent data seem to indicate that
factors other than Cw are likely to overload the respiratory
muscles.
According to Suratt et al.23 the increased work of
breathing in obese subjects could result from work done to
overcome chest wall resistance or inertance, or from work
performed in the airways and lungs. It has been postulated
that the weight of the chest wall is applied to the lungs,
decreases lung filling with each breath, and leads to low
lung compliance. In addition, an increase in pharyngeal and
nasopharyngeal resistance would increase the work of
breathing and lead to rapid (increase in respiratory
frequency) and shallow (a lower tidal volume) breathing.
Alternatively, an increase in lung blood flow may be due to
a low lung compliance in obese subjects.5,22
Change in body position may also affect the load to
respiratory muscles. It is generally believed that the mass
load of obesity on the chest wall further increases in supine
subjects the total respiratory resistance which is already
increased in seated subjects. Nonetheless, despite the
increase in gravitational load in the supine position, func-
tional residual capacity (FRC) does not fall below the seated
values in obese subjects with reduced FRC and expiratory
reserve volume when seated.13 These results imply that in
supine position respiratory muscle activity sustains dynamic
hyperinflation above the relaxation volume of the respira-
tory system; the ability of the inspiratory muscles to sustain
this mechanical load is large because of greater muscle
length and force generation capacity.13
Expiratory flow limitation and intrinsic positive end
alveolar pressure increase in supine obese subjects giving
rise to preinspiratory fall in esophageal pressure, trans-
diaphragmatic pressure14 and greater inspiratory effort
which increases the work of breathing. The latter leads to
a greater oxygen uptake of the respiratory muscles at
a given ventilation, and lower mechanical efficiency (see
Table 4 in Ref. 11) in obese subjects. It has also been
reported that higher BMI increases the work of breathing
nearly or even more than the commonly reported limits of
muscle fatigue in most overweight patients during general
anesthesia.26Activation of the respiratory muscles
A greater work of breathing requires greater activation of
the respiratory muscles.27,28 Evidence indicates that there
is greater electromyographic activity of the diaphragm
(Edi) per unit change in carbon dioxide arterial tension
(PCO2) in obese subjects with normal blood gases
compared with subjects with obesity-hypoventilation
syndrome,29,30 or former episode of obesity-hypo-
ventilation syndrome (OHS).9 In the study of Sampson andGrassino9 the relationship between the increase in peak
electromyographic activity of the diaphragm (Edi) and
changes in transdiaphragmatic pressure (Pdi) was not
linear: the lower increase in changes in Pdi relative to peak
Edi at different PCO2 values might suggest dissociation
between neural and mechanical events. The reason might
be a high diaphragmatic flow which reduces the pressure-
generating ability of the muscle, assuming an unchanged
diaphragm power output (i.e., the product of pressure and
flow).31
Data on activation of respiratory muscles other than the
diaphragm are scarce. In morbid eucapnic obesity Burki and
Baker32 reported an increased ventilatory response to
hypoxia, and a relatively decreased ventilatory responsive-
ness to hypercapnia primarily maintained by an alteration in
central breath timing. In line with previous studies29,33,34
their findings32 indicate an insufficient increase in central
respiratory neural output to achieve a level of ventilation
similar to that in normal subjects in response to CO2. There is
partial evidence to the contrary. Sampson and Grassino9
found inspiratory pleural pressure swings greater that swings
in gastric pressure with CO2 rebreathing, suggesting
a greater contribution of inspiratory rib cage muscles rela-
tive to the diaphragm. Moreover, studies in healthy humans
have shown that imposition of an expiratory flow load shifts
the perception of difficulty in breathing from a balanced
contribution of the respiratory muscles to a prevalent
contribution of the rib cage inspiratory muscles and
abdominal expiratory muscles.31,35e37 In line with reports on
expiratory flow limitation in healthy subjects, and inspira-
tory threshold load in spontaneous breathing obese
subjects,14 Lotti et al.15 hypothesized that in a subset of
obese subjects expiratory flow limitation and inspiratory
threshold load overtax the respiratory rib cage muscles so
that the sensation of respiratory difficulty preferentially
refers to an increased drive to the respiratory muscles other
than the diaphragm. With hypercapnic stimulation obese
subjects exhibited greater respiratory frequency, shorter
expiratory time, greater swings in esophageal (pleural)
pressure and lower transdiaphragmatic pressure swings than
controls; increase in end expiratory lung volume and positive
end expiratory alveolar pressure (PEEP) with increasing
ventilation accounted for the lack of changes in maximal
variation in gastric pressure during expiration. Unlike results
in healthy humans38 the inconsistent increase in gastric
pressure swings suggests inadequate expiratory recruitment
and activity of the abdominal muscles aimed at improving
both length and preinspiratory configuration of the dia-
phragm during dynamic hyperinflation.36,39
These data are consistent with the observation that an
increase in dynamic hyperinflation enhances the inspiratory
rib cage muscle contribution to inflation of the respiratory
system relative to that of the diaphragm.37 In addition, the
observed increase in mean inspiratory flow, which reduces
maximal force generating capacity,31 contributes to the
increase in esophageal pressure swings as percentage of
maximal muscle force generation.15
Diaphragm structure and function
There is little information about respiratory muscle
morphology or contractility in obesity. According to
Figure 1 Schematic diagram of pressure relationships at iso-
lung volume below FRC during isometric inspiratory muscle
contraction. Pmus is static respiratory muscle pressure; Pw is
pressure of the chest wall; Ppl is pleural pressure; Pstl is static
lung recoil pressure; Palv is alveolar pressure; Pmouth is mouth
pressure; with glottis open PalvZ Pmouth.
Dyspnea and obesity 1279Burbach40 the diaphragm of obese rats has 20e30% less
muscle mass and 8e20% smaller fiber diameter than the
diaphragm of control animals; however, the distribution of
muscle fiber types, the contraction and relaxation times of
the diaphragm in obese animals were reported as normal. In
contrast, the twitch tension normalized to muscle cross
sectional area was decreased 21% and the maximal tetanic
tension was reduced 13% from values of control dia-
phragms.41 Based on metabolic considerations recent
evidence suggests that specific regions of the diaphragmmay
be or may become more susceptible to failure than others.
The Zucker fatty rat,42 an autosomally genetic animal model
of obesity represents a good model of early-onset human
obesity.42e44 This model shares several characteristics with
the human syndrome including hypertriglyceridemia,
decreased levels of growth hormone, thyroid hormone, and
non insulin dependent (Type II) diabetes. Recently this
model has been reported to have pulmonary function
abnormalities like those noted in morbidly obese
humans.45,46 The diaphragm of obese Zucker rats is remod-
eled so that the overall proportion of oxidative fibers (Type I
and IIa) increases, as well as diaphragm thickness and
mass.45 Despite that, the force generating capacity of the
costal diaphragm indexed to its cross section area is reduced
by 15% compared with those from lean litter mates,
a decrease that cannot be attributed to the metabolic
factors common to the model.47 In contrast, consistent with
increase in oxidative potential, as measured by succinate
dehydrogenase, in vitro contractile endurance of the dia-
phragm was greater in obese animals.47 In agreement with
Farkas,41 oxidative capacity was significantly higher in both
the crural and costal diaphragm muscles of obese animals
compared with their counterparts.48 Moreover, the obesity
resulted in a decreased percent Type II myosin heavy chain
(MCH) and increase in percent Type I MCH isoforms in both
costal and crural regions.48 This large fast-to-slow shift in
skeletal muscle MCH isoforms is much greater that the
changes produced by endurance exercise.49
More recently Van Lunteren and Moyer50 have hypothe-
sized that Zucker fatty rats have altered diaphragm muscle
resting membrane potential and action potential wave-
forms, similar to what has been described in Type I diabetic
animals. They found that the diaphragm muscle from 4-
month old Zucker fatty rat has altered action potentials
compared with lean control animals, manifested by
increase action potential height, overshoot and area.
Furthermore, Zucker fatty animals had no alteration in
skeletal muscle resting membrane potential.
It is speculated that alteration in respiratory muscle
phenotype observed in obese animals is primarily the result
of the chronic increase in the work of breathing. This view
should be tempered by evidence to the contrary. Since the
obese Zucker rat exhibits a wide variety of metabolic
alterations it is impossible to establish a causal relationship
between an isolated factor and the observed obesity-related
changes in the diaphragm. It has been speculated that these
findings most likely reflect the integrated responses of
numerous factors present in the obesity syndrome.47 In turn,
the Zucker fatty rat is a complex metabolic model which
changes the metabolic milieu in which the muscle function
‘‘as well as the mechanical load’’ impose on the muscles as
a result of increased body weight.50Measurement of respiratory muscle pressures
Due to the pressure-to-volume characteristics of the
respiratory system, contraction of the respiratory muscles
produces negative or positive alveolar pressure which
expands or deflates the lung.
According to the equations:
PplZPwþ Pmus; from which : PmusZPpl Pw
where Ppl is pleural pressure, Pw is the pressure of the
chest wall and Pmus is the net respiratory muscle pressure,
it follows that dynamic Ppl equals Pw at functional residual
capacity (FRC) in conditions of respiratory muscle relaxa-
tion. During isometric static conditions below FRC, with
a supposed stiffened chest wall and stiffened lung, Pmus is
less negative than Ppl so that Ppl> Palv> Pmus, where Palv
is the alveolar pressure, that is, the elastic recoil pressure
of the lung plus Ppl (Fig. 1). Because assessment of the truly
passive mechanical properties of the chest wall is difficult
and of limited value, simple measurements of maximum
static performance are easily applied. Respiratory muscle
power can be assessed by measurement of maximum static
inspiratory (MIP) and expiratory (MEP) pressures at
different lung volumes. MIP is usually measured at the
mouth (Pmouth) which, with the glottis open, is equal to
Palv. The latter equals Pmus at FRC, while below FRC it
includes the contribution from the passive recoil of the
respiratory system so that Palv> Pmus (Fig. 1).
MIP and MEP may both be normal51e53 or lower53,54 in
eucapnic obese subjects. Reduced MEP and respiratory
muscle strength [RMSZ (MIPþMEP)/2] at predicted FRC
have been reported in dyspnoeic obese subjects due to the
large body mass that must be lifted, and, in part, to stiff-
ness of the chest wall that must be overcome.53 However,
the reasons for decreased MEP and RMS have yet to be
defined in obese subjects. We argue the following: (i) chest
wall stiffness develops in patients with long standing
weakness of the respiratory muscles,55 but why does a stiff
rib cage result in respiratory muscle weakness? With rib
cage stiffening, adoption of a relatively shallow breathing
1280 G. Scano et al.pattern likely obviates excessive respiratory discomfort
associated with excessive elastic loading on the respiratory
muscles; (ii) at the predicted FRC positive lung elastic
recoil pressure balances the negative chest wall pressure so
that PalvZ Pmus. Therefore, low MIP (or alveolar pressure)
likely reflects a muscle mechanical disadvantage in obese
subjects.
Static (isometric) transdiaphragmatic maximum pressure
was found to be lower in obese subjects than in controls
(97 33 vs 145 28).9 In severely obese subjects the dia-
phragm may be overstretched at least in the supine posi-
tion.10 This places the diaphragm at a mechanical
disadvantage and contributes to the decrease in inspiratory
muscle strength and efficiency in obese individuals.Respiratory muscles during exercise
Dempsey et al.3 showed that energy expense per unit of
work rate (WR) is noticeably increased, indicating a greater
physiologic cost in obese subjects than in lean subjects.
However, an even greater work rate per unit increase in
oxygen uptake (WR/VO2) does not change with increasing
WR in obese subjects, as their mechanical efficiency, lower
than in controls, depends on postural muscle activity.3
Whipp and Davis56 found that bicycling with a pedaling
frequency of 90 rpm at zero WR is associated with increase
in oxygen uptake (VO2); by reducing pedaling frequency to
60 rpm there is a decrease in VO2 and ventilation (VE).
Romagnoli et al.57 have recently shown that obese subjects
exhibit a greater ventilation for a given WR between resting
and ventilation at anaerobic threshold, with the increase in
ventilation being proportional to the increase in VO2
compared with controls. In contrast, the rate of increase in
both WR/VE and VE/VO2 between anaerobic threshold and
peak exercise was similar in obese subjects and controls.
These data are in line with those of Babb et al.16e18 and Ofir
et al.58 Nonetheless, because of an increase in the work of
breathing, a rapid increase in the ratio of ventilation to
respiratory oxygen uptake (VE/VO2resp, i.e., increase in
the cost of ventilation) has been reported in obese indi-
viduals at level of VE over 40 L.56
During exercise ventilatory requirements increase
further exacerbating the potential imbalance between
inspiratory muscle load and capacity. Greater tidal volume
will be associated with greater respiratory muscle pressure
(Pmus) because of more negative esophageal pressure
swing (Pessw) and increased positive chest wall recoil
pressure (Pw). In other words, because Pmus is graphically
the distance between Pw and Pes this distance will increase
with increasing tidal volume. In this regard it has been
hypothesized that obese patients are particularly predis-
posed to development of inspiratory muscle fatigue during
exercise.54 There are no data, however, which estimate
respiratory muscle fatigue in obese, mainly because the
technique to assess low frequency fatigue, or high
frequency fatigue of the respiratory muscles is complex,
invasive, and requires at least the measurement of esoph-
ageal pressure. Although it would be clinically useful to
substitute invasive with noninvasive measurements, this
may not be feasible physiologically. Substituting mouth
occlusion pressure (Po1), as a percentage of maximalinspiratory pressure (MIP), for esophageal pressure (Pes), as
a percentage of maximal capacity of pressure generation
ability (Pes/Pcap), or transdiaphragmatic pressure (Pdi), as
a percentage of its maximum (Pdi/Pdimax), would result in
bias. Mouth occlusion pressure 0.1 s after the start of
inspiration (Po1) does not take into account the shape of
the muscle pressure curve,59 nor the pressure produced
above or below functional residual capacity. With dynamic
hyperinflation (above functional residual capacity), respi-
ratory muscle pressure (Pmus) is produced before the
starting inspiratory flow (PEEPi), while below functional
residual capacity Pmus starts after the negative chest wall
recoil pressure has started to inflate the lung. For the above
reasons we believe that measuring Po1 during exercise is of
doubtful clinical usefulness. On the other hand, that a low
MIP may reflect muscle weakness54 should not be dis-
regarded because of the possibility that when obese
subjects, just as healthy subjects, hyperinflate the lung
during strenuous exercise,17,18,57,58 they decrease their
maximum force generating capacity while increasing their
respiratory effort.60
Compared with controls, obese subjects exhibit the
following: 1) at warm-up, greater end expiratory gastric
pressure (PgEE), and less negative end expiratory esopha-
geal pressure (PesEE); lower end inspiratory gastric pres-
sure (PgEI), but similar inspiratory swings in both gastric
pressure and pleural pressure (left panel in Fig. 2). 2) At
anaerobic threshold greater PgEE and PgEI, with more
positive PesEE and less negative PesEI. The inspiratory
pressure slopes of Pes to Pg are similar in the two groups
(middle panel in Fig. 2). 3) At peak exercise the slopes of
esophageal to gastric pressure are close to a vertical line in
both groups, indicating a predominant contribution of rib
cage muscles relative to the diaphragm; the difference in
PesEE tends to diminish between groups (Fig. 2 right panel).
A three-fold increase in the work of breathing (greater
VO2 per unit VE),
20,61 increase in metabolic load, and
decrease in mechanical efficiency11 have been reported in
obese compared with control subjects. Babb et al.17 have
recently calculated the mechanical work of breathing
during cycling in young obese women and in lean women;
due to expiratory flow limitation, the resistive work of
breathing, but not the total work of breathing between 40
and 70 L of ventilation was greater in obese than in lean
subjects.Do respiratory muscles affect dyspnea in obese
subjects?
In morbidly obese subjects expiratory flow limitation (EFL)
and dyspnea frequently occur when subjects are in a supine
position, and both supine EFL and low seated expiratory
reserve volume values are related to orthopnea.62 EFL may
increase the inspiratory work of breathing because of posi-
tive end alveolar expiratory pressure (PEEPi) in supine obese
subjects at rest,14,62 and in seated subjects during hyper-
capnic hyperventilation.15 Since the expiratory reserve
volume represents an absolute lower limit to end expiratory
lung volume, it is implicit that when these subjects are
supine, they breathe tidally above the relaxation volume,
become dynamically hyperinflated, develop PEEPi and
Figure 2 Macklem’s plot of gastric pressure swing (Pg) vs pleural pressure (Ppl) at warm-up, anaerobic threshold (VTh), and peak
cycling exercise (Peak) in three obese subjects and three controls: EE: end-expiration; EI: end-inspiration.
Dyspnea and obesity 1281experience dyspnea. The severity of dyspnea increases with
increasing ventilatory drive and respiratory muscle effort in
many lung diseases.60,63e73 Accordingly, El Gamal et al.74
hypothesized that an increase in neuromuscular respiratory
drive, as assessed by mouth occlusion pressure (Po1) during
chemical stimulation of ventilation with CO2, should relate
to dyspnea in obese subjects. However, despite the obser-
vation of a significant reduction in bodymass index (BMI) and
dyspnea score (by CRQquestionnaire) after gastroplasty, Po1
did not decrease at 60 mmHg CO2. Moreover, no effort was
made to correlate changes in Po1 with concurrent changes in
breathlessness. These data did not support the authors’
starting hypothesis of a close association of dyspnea score
with increasing ventilatory drive.
In line with previous results,9e12 it seems likely that
respiratory muscle function in obesity may be compromised
by the increased load the muscles are required to overcome,
and by some reduction in their capacity. It has been shown
that reduced isometric respiratory muscle force (MEP)
combined with greater BMI and peripheral airway abnormal-
ities aremost likely responsible for the perception of dyspnea
in obese smokers.53 More accurately, Collet et al.12 evaluated
dynamic inspiratory muscle performance by assessing inspi-
ratory muscle endurance (IME). They found that obese OSAS
patients exhibited impaired IME possibly contributed by sleep
loss.75 Collet et al.12 were not able to find, however, any
relationship between dyspnea and inspiratory muscle
performance inpatientswithBMI> 49 kg/m2, and, in contrast
with the evidence provided by a contemporary study by Babb
et al.,76 suggested that deconditioning could also partially
explain the dyspnea sensation in this category of patients.
The study of Collet et al.12 has two major limitations: (i)
inspiratory muscle performance was assessed by volitional
methods which could blunt the difference between groups,
and (ii) patients were predominantly young females who do
not reflect the whole population of obese individuals.
Although inspiratory muscle performance was moderately
reduced in morbid obese subjects, the study only partially
contributes to unraveling the complexity of dyspnea symp-
toms in patients with morbid obesity.
Although physical activity and exercise are important
components in the prevention and treatment of obesity,77many obese adults without coexisting disorders are unable
to exercise due to dyspnea on exertion.56,78 As a result they
do not engage in regular physical activity. Therefore,
exertional dyspnea in obese adults is also an obstacle to the
prevention and treatment of obesity and coexisting
comorbidities.79
Metabolic factors may increase respiratory load and
dyspnea. As mentioned above, obese individuals have
a higher oxygen uptake per work rate3 during exercise. In
keeping with those data, Romagnoli et al.57 have recently
shown a consistently higher ventilation at any given level of
work rate during exercise in obese subjects than in
controls, with the excessive ventilation partially reflecting
the high metabolic cost of lifting heavy limbs against
gravity,20,56 as well as the increased work of breathing.80 In
line with the results of Ofir et al.,58 Romagnoli et al.57 have
also shown that VE/VO2 was not altered by obesity; also
dyspnea/VE, dyspnea/VO2 and dyspnea/VCO2 at both
anaerobic threshold and peak exercise were equal in obese
as in control subjects.
The ventilatory response of healthy subjects is charac-
terized by a decrease in end expiratory lung volume (EELV)
throughout exercise.81e84 In contrast, the obese subjects
exhibit two different ventilatory patterns. With the first
pattern EELV as percentage of total lung capacity increased
along with end inspiratory lung volume from rest-to-
anaerobic threshold to peak exercise in 14 subjects. In
keeping with the results of Babb et al.17,18 and Ofir et al.,58
this subset of obese subjects had to increase EELV probably
to avoid significant levels of flow limitation, and were
unable to completely escape being flow limited without
further increasing end inspiratory lung volume. With the
second pattern, 30% of obese subjects deflated the lung
during mild-to-moderate and heavy-to-peak exercise. Such
different patterns of operational lung volumes have not
previously been reported in obese subjects throughout
exercise.57 Although the explanation for these different
ventilatory patterns is likely to be complex, the following
could be considered: (i) the lower expiratory reserve
volume indicates that EELV is positioned close to residual
volume in obese who hyperinflate the lung; alternatively, it
is not unlikely that ‘‘obese hyperinflators’’ are using the
1282 G. Scano et al.abdominal pump inefficiently as their effort is wasted
because of flow limitation, (ii) in contrast, obese subjects
who deflate the lung adopt a ventilatory pattern similar to
that found in controls under increasing exercise intensity by
integrated activity of the diaphragm, rib cage muscles and
abdominal muscles.81e87 This strategy minimizes the
shortening of the inspiratory muscles.88
In general, these data suggest the following: (i)
increased respiratory muscle force generation and
a concomitant increase in respiratory neural drive associ-
ated with increased ventilation are important sources of
sensation of respiratory effort in both healthy and obese
subjects17,18,58,89; (ii) respiratory mechanical factors per se
contribute little to exertional dyspnea; (iii) alternatively,
the level of mechanical ventilatory constraints expected to
increase the dyspnea more in obese than in control subjects
may be too low to result in a greater perception of dyspnea
in obese subjects.17
Acute dynamic lung hyperinflation is a key mechanistic
consequence of expiratory flow limitation and has serious
mechanical and sensory consequences.90 In obese subjects
dynamic hyperinflation along with a decrease in inspiratory
reserve volume increases the respiratory drive, respiratory
muscle loading and perception of respiratory discomfort.
However, there is no uniform agreement that dynamic
hyperinflation is the principal factor causing dysp-
nea36,84,85; healthy subjects who hyperinflate exhibit
similar dyspnea intensity as those who deflate the lung
during expiratory flow limited exercise.84 And indeed
a negative relationship between resting EELV and percep-
tual respiratory response during exercise (the lower the
former the greater the latter) has been found in obese
subjects who deflated the lung.57 A low resting EELV has
three important consequences linked together during
exercise: (i) a concurrent decrease in expiratory reserve
volume, with end expiratory lung volume impinging upon
maximal expiratory flow volume curve91; (ii) the expiratory
flow generated by the abdominal torque is limited by
dynamic airway compression; and (iii) changes in airway
transmural pressure resulting in dynamic compression can
lead to dyspnea in patients with COPD. In this connection,
O’Donnell et al.92 showed that dynamic compression
downstream from the flow-limiting segment, without
substantially affecting flow or pressure upstream, causes
mild tachypnea and results in an unpleasant respiratory
sensation in patients with COPD. These authors postulated
that alteration in central drive to the respiratory muscles in
response to afferent activity from upper airway mechano-
receptors may contribute to the increased sensation of
dyspnea.92,93 The above findings lend support to the
contention that lung deflation may affect dyspnea in
exercising obese subjects.57 Alternatively, information
sensed during expiratory effort throughout an increased
central respiratory drive can lead to an increased sensation
of breathing difficulty.84,36 Nonetheless, the role of
abdominal pressure in increasing dyspnea should not be
emphasized. Although gastric pressure increases
throughout incremental exercise, the differences between
mild-to-moderate obese and lean young women do not
appear to be significant (Ref. 17, see also Fig. 2).
The factors controlling the lower limits of EELV during
exercise inmild-to-moderate obesity could bemechanical orcompensatory in nature.17 Babb et al.17 hypothesized that
the simplemass loading of obesity constrains the decrease in
EELV during exercise. The observation that the reduced EELV
induced in a supine body position when all rib cage and
abdominal forces are expiratory in nature is lower than EELV
adopted during exercise, suggests that factors other than
mechanical limits on lung volume influence the EELV adop-
ted during cycling. Thus, EELV is not constrained during
cycling at peak exercise, and the level of EELV adopted
during exercise is higher than that imposed when supine,
suggesting that expiratory flow limitation would be much
greater during exercise. These findings suggest that EELV is
not determined by mechanical limits alone but is under the
regulation of other non mechanical factors as well.17
Regardless of whether and to what extent operational
lung volumes impact on dyspnea perception, it is unclear
why obese women decrease their EELV during submaximal
cycling exercise (ventilation at anaerobic threshold), but not
during treadmill walking.94 According to Babb et al.17 this
could be related to differences between walking and cycling
which have recently been shown to evoke different venti-
latory responses in healthy unfit subjects.86,82,95 Moreover, it
is debatable whether the proportion of abdominal fat plays
an important role in the level of EELV. Recent data indicate
that the relative fat distribution is markedly similar between
obese and lean subjects. In both men and women the
decrease in EELV with obesity appears to be related to the
cumulative effect of increased chest wall fat rather than to
any specific regional chest wall fat distribution.96
A more sophisticated way to explore the impact of
respiratory muscles on exercise dyspnea is to assess the
oxygen cost of breathing (VO2resp) due to its link with
breathing discomfort in respiratory patients.97,98 VO2resp
increases exponentially with increase in the work of
breathing.99 In this connection, it has been recently shown
that the decrease in VO2resp by positive assisted ventilation
was much greater at rest in morbidly obese subjects than in
controls (16% vs <1%).100 The data are valuable in giving
more direct estimates of respiratory muscle VO2 than
earlier studies in experimental animals. Conceivably, if the
respiratory effort expended in breathing is out of propor-
tion to the resulting level of ventilation, dyspnea can result
at rest,97 and will be even greater if the oxygen cost of
breathing is out of proportion to the exercise inten-
sity.97,98,101 Babb et al.96 have recently hypothesized that
the oxygen cost of breathing would be increased in obese
women with dyspnea during exercise compared with obese
women without exertional dyspnea, and that the ratio of
perceived dyspnea during constant load cycling exercise
would be correlated with an increase in the oxygen cost of
breathing. Their study shows that the oxygen cost of
breathing measured during eucapnic voluntary hyperpnea is
markedly greater in obese women with dyspnea during
exercise than in obese women without dyspnea during
exercise (3.04 1.08 mL/L of VE vs 1.79 0.39 mL/L); it
was significantly correlated with and predicted a large
amount of the variability in perceived breathlessness
obtained at constant load exercise (r2: 0.72, p< 0.0001).
However, obesity-related changes in pulmonary function,
breathing mechanics during exercise, or eucapnic voluntary
hyperpnea do not seem to further elucidate the reason for
differences in dyspnea during exercise.96 Thus, although
Dyspnea and obesity 1283the cost of breathing reflects an overall change in respira-
tory impedance due to obesity-related alterations in
respiratory mechanics, no study16e18,94,96 has reported any
obesity-related change in respiratory mechanics that can
distinguish between patients without exertional dyspnea
and those incapacitated by exertional dyspnea.Conclusion
Some novel findings need to be highlighted: (i) through
different mechanisms an increased respiratory neural drive
likely contributes to the perception of dyspnea in and by
obese subjects; (ii) whether activity-related breathlessness
is due to either abnormal respiratory mechanical factors
(flow limitation and/or chest elastic loading) or the
increased metabolic demand of locomotion in obesity, or
both of these factors, the available data indicate that
intensity of dyspnea at any given ventilation and oxygen
uptake does not increase in obesity compared with normal
weight control subjects. Does this mean that respiratory
mechanical factors are unlikely to contribute?17,57,58,96 (iii)
Nonetheless, the component of metabolic cost of breathing
may not be accounted for by the measured mechanical work
of breathing because of the number of complex variables
which it includes,102e104 e.g., resistance and compliance of
the chest wall and lung, pharyngeal and nasopharyngeal
resistance, decreased efficiency of the respiratory muscles
in obese subjects with dyspnea on exercise.
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